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Introduction
Hydrogen storage is of great interest as an enabler for using hydrogen as a possible substitute for fossil fuels for zero-emission energy technology. 1 There are currently several candidate storage systems for hydrogen including liquid or high-pressure H 2 gas, reversible metal hydrides, chemical hydrides, and porous adsorbents. However, up to date none is capable of satisfying the DOE criteria of size, recharge, kinetics, cost, and safety required for use in transportation. 2, 3 Metal organic frameworks (MOFs) are a new class of porous materials with low density and high surface area. They are crystalline, infinite networks assembled by linking metal ions with various organic linkers through strong bonds. 4 More recently, it was realized that some of them could be promising candidates for hydrogen storage. In particular, MOF-177, a framework consisting of tetrahedral [Zn 4 O] 6þ clusters linked by the tritopic link BTB (1,3,5-benzenetribenzoate), was demonstrated to adsorb reversibly up to 7.5 wt % H 2 at 77 K and 70 bar. 27 However, most studies of H 2 adsorption in MOFs were performed at very low temperatures (mostly at 77 K). Few reports have showed that no significant hydrogen storages were obtained on the MOFs at room temperature. 28 In addition, systematic studies on the effects of structural and surface properties, e.g., metal oxides, organic linking units, surface areas, and pore volumes, on the hydrogen storage capacities are scarce, especially at room temperature.
thousand MOFs already reported, but only very few of them have been studied for this purpose (i.e., hydrogen storage by spillover). A fundamental examination of the structure-property relationships of MOFs for hydrogen storage by spillover is needed. Through this undertaking, the structural and surface characteristics that most strongly influence the H 2 adsorption capacity of MOFs by spillover may be elucidated and such results will provide a direction for future studies.
We have begun such a systematic study on small subsets of MOFs and related materials.
For practical applications of hydrogen storage, the storage material should be rechargeable. H 2 O is very difficult to be fully removed from commercial hydrogen sources. For practical applications, it is not economical to use super-highpurity hydrogen for transportation because of the additional cost for purifying hydrogen. Thus, the H 2 O adsorption characteristics and the structure stability upon H 2 O adsorption are very important issues for a promising hydrogen storage material for practical applications. 36 This is even more problematic for MOFs because MOFs decompose easily at elevated temperatures, indicating the instability of this type of material. Recently, Panella and Hirscher observed a different X-ray diffraction pattern on the MOF-5 (a.k.a. IRMOF-1) sample after exposing the sample in air for 6 weeks, indicating that MOF-5 tends to decompose in air. 37 Huang et al. also observed a similar phenomenon on MOF-5 when stirring the sample in water for 0.5 h. These results indicate that MOFs could be unstable upon H 2 O adsorption. 38 Here we report experimental data on hydrogen storage in three recently reported covalent-, or metal-organic frameworks (COF-1, HKUST-1, and MIL-101). These materials were selected for this work because they could be candidate materials for hydrogen storage. Covalent organic frameworks (COFs) are constructed from light elements (H, B, C, N, and O) that form strong covalent bonds. 39 Therefore they have very light weights and exceptional thermal stabilities (to temperatures up to 6008C) that could be suitable for gas storage. HKUST-1 is a copper benzene tricarboxylate porous material that was first reported by Williams and coworkers. 40 Recent research showed that it is an excellent material for gas storage, such as for H 2 and NO. 41 The high gas capacities in the HKUST-1 may be due to the presence of a metal site in the walls of the material that could interact strongly with a gas molecule. 26 MIL-101 is constructed from benzene-1,4-dicarboxylate and trimetric chromium (III) octahedral cluster which have very large pore size ($30 to 34 Å ) and surface area (Langmuir surface area, 4500-5500 m 2 /g). 16 It was reported that the hydrogen storage capacities in this material at 8 MPa was 6.1 wt % at 77 K, and 0.43 wt % at 298 K, respectively. 28 HKUST-1 and MIL-101 were synthesized in the presence of H 2 O, so their structures should be stable upon water adsorption. In this article, these materials were synthesized according to the published procedures and characterized by powder Xray diffraction, infrared spectroscopy, SEM, TGA, and N 2 adsorption at 77 K. Water vapor adsorption isotherms and structure stabilities of the materials upon H 2 O adsorption were studied. Hydrogen adsorption isotherms were measured at 77 K up to 1 atm, and 298 K up to 100 atm, respectively. Hydrogen storage by spillover was also examined on these materials. Carbon bridges were built in the materials by carbonization of sucrose to enhance the spillover. 32, 34, 42 In comparing their dihydrogen adsorption isotherms and net hydrogen storage capacities by spillover, correlations with their structural and surface features are discussed.
Experimental Methods
Preparation of COF-1, HKUST-1, and MIL-101
COF-1, C 3 H 2 BO. COF-1 was synthesized according to the reported procedures, 39 albeit in a larger scale for this study. Typically, 100 mg 1,4-benzene diboronic acid (BDBA) was loaded into a Pyrex glass tube (i.d. 5 16 mm). The diameter of the tube was two times larger than that used by Cote et al. (i.d. 5 8 mm) because four times more raw materials were used in this work. About 4 mL of 1:1 (volumetric ratio) solution of mesitylene:dioxane was added. The tube was connected to a Micromeritics ASAP 2010 sorptometer degassing port, flash frozen with a liquid nitrogen bath. It was evacuated to an internal pressure of $150 lm Hg, and then flame-sealed. Upon sealing the length of the tube was reduced to $18 cm. The tube was heated to 1208C in an oven and held at this temperature for 72 h. The white product was collected by repeated filtering and thorough washing with acetone. The sample was dried in an oven at 608C for 0.5 h, and then degassed in vacuum at 1508C for 12 h before measurements.
HKUST-1, Cu 2 (C 9 H 3 O 6 ) 4/3 . In a typical synthesis, benzene-1,3,5-tricarboxylic acid (5 g, 24 mmol) was heated with copper nitrate hemipentahydrate (10 g, 43 mmol) in 250 mL of solvent consisting of equal parts of N,N-dimethylformamide (DMF), ethanol, and deionized water in a 1-L wide mouth glass jar. 29, 40 The jar was tightly capped and placed in an oven at 858C for 20 h. The product was isolated by filtration and washing with DMF, and then dried at 608C for 1 h. The solvent was removed by degassing in vacuum at 1808C for 6 h, yielding the porous material.
MIL-101, Cr 3 F(
In this study, five times more starting materials were used for the synthesis of MIL-101 than that described in the literature because we used a larger bomb in our synthesis. 16 Cr(NO 3 ) 3 Á9H 2 O (2.0 g, 5 mmol), fluorhydric acid (48 wt %, 5 mmol), and 1,4-benzene dicarboxylic acid (0.82 g, 5 mmol) were dissolved in 24 mL deionized water. The mixture was introduced in a 300 mL hydrothermal bomb which was heated to 2208C at a heating rate of 18C/min. The temperature was held at 2208C for 8 h, cooled first to 1508C in 1 h, and then slowly to room temperature in 12 h. Upon the slow cooling procedure, most of the residual carboxylic acid was in large crystals that can be easily isolated from the solution and MIL-101 powder by using a large pore fritted glass filter (n82, Schott). The free terephthalic acid was eliminated and the green MIL-101 powder was separated from the solution using a small pore paper filter (18, Whatman). The powder was washed thoroughly with deionized water and ethanol, and then dried in a 608C oven. The material was degassed in vacuum at 1008C for 12 h, cooled down to room temperature and stored under vacuum.
A catalyst containing 5 wt % platinum supported on active carbon (Pt/AC, Strem Chemicals) was used as the source for hydrogen dissociation. Active carbon can be considered as the primary receptor for hydrogen atoms. Here COF-1, HKUST-1, or MIL-101 was the secondary spillover receptor. Carbon bridges between the source and receptor were formed by carbonization of sucrose that was previously introduced into a physical mixture of the two components. The receptor/ bridge-precursor/source ratio was fixed at 8:1:1 based on the complete carbonization of the precursor. The ternary mixture was ground together for 1 h, and then subjected to the heat treatment procedures as described in the previous paper for preparing the bridged IRMOF-8 sample. 34 The formation of carbon bridges by using the bridge building technique has been confirmed by HRTEM. 42 
Characterization
Powder X-ray diffraction (XRD) patterns were collected on a Rigaku Miniflex diffractometer at 30 kV, 15 mA for Cu Ka (k 5 0.1543 nm) radiation, with a scan speed of 28/min and a step size of 0.028 in 2y. Infrared spectra (IR) were recorded on a Nicolet Impact 400 FTIR spectrometer with a TGS detector. Scanning electron microscopy (SEM) images were obtained on a Philips XL 30 FEG SEM instrument equipped with UTW Si-Li solid state X-ray detector (XEDS) using a 15 kV accelerating voltage. Thermogravimetric analysis (TGA) of samples was performed on a TGA-50 thermogravimetric analyzer (Shimadzu) using a constant heating rate of 58C/min under He atmosphere. Brunauer-EmmettTeller (BET) surface areas and pore volumes were measured on a Micromeritics ASAP 2020 sorptometer using nitrogen adsorption at 77 K.
Hydrogen isotherm measurements
Low-pressure H 2 adsorption isotherms at 77 or 298 K were measured with a standard static volumetric technique (Micromeritics ASAP 2020). Approximately 200 mg of sample was used for each measurement. Samples were degassed in vacuum at 1508C for at least 12 h prior to measurements to remove any residual guest molecules to obtain the highest gas adsorption capacity.
Hydrogen adsorption at 298 K and pressures greater than 0.1 MPa and up to 10 MPa was measured using a static volumetric technique with a specially designed Sievert's apparatus. The apparatus was previously tested to prove to be leakfree and proven for accuracy through calibration by using LaNi 5 , AX-21, zeolites, and IRMOFs at 298 K. All isotherms matched the known values. Typically, $200 mg of sample was used for each high-pressure isotherm measurement. Prior to measurements, the samples were degassed in vacuum at 2008C for at least 12 h.
Results and Discussion

Characterization results
Powder XRD patterns for COF-1, HKUST-1, and MIL-101 are shown in Figure 1 . All samples showed good crystallinity. The diffraction peaks of each sample prepared in this study matched well with the already published XRD patterns on the same COF or MOF. 16, 29, 39, 44 Figure 2 shows the IR spectra of the COF-1, HKUST-1, and MIL-101 samples. As shown in Figure 2a , the vibrational bands around 1376 and 1340 cm À1 can be assigned to BÀ ÀO stretch (characteristic bands for boroxine). 39 The presence of BÀ ÀC bonds and the B 3 O 3 ring units in the synthesized material was indicated by the bands around 1023 and 708 cm À1 , respectively. Thus, the agreement of the vibrational bands found in Figure 2a on our sample with the literature data on COF-1 confirmed the presence of COF-1 structure in our sample. All the vibrational bands shown in Figure 2b are in good agreement with the published data on HKUST-1.
29,40 Figure 2c shows the IR spectra of the synthesized MIL-101 sample. The presence of the bands characteristic of the framework À À(OÀ ÀCÀ ÀO)À À groups around 1539 and 1425 cm À1 indicated the presence of the dicarboxylate within MIL-101. 16 The broad bands around 1620 cm À1 indicated that a large amount of water molecules were present in the sample.
The SEM images of the COF-1, HKUST-1, and MIL-101 materials are shown in Figure 3 . It can be seen that only one unique morphology of crystallite was found for each material, confirming the phase purity of the samples. The uniform sizes of the COF-1 and MIL-101 particles were around 0.3-0.4 lm for COF-1 and 0.2-0.3 lm for MIL-101, respectively. HKUST-1 crystallized in double-sided pyramids with a size of 4-8 lm. Besides these small crystals, bigger crystals with sizes of 13-18 lm were also found. Similar morphology of the crystals (i.e., double-sided pyramids) was also observed on the Cu-containing MOF (Cu-BTC). 31, 45 Figure 4 shows the TGA curves of the COF-1, HKUST-1, and MIL-101 samples upon heating in He. COF-1 exhibited very high thermal stability (to temperatures up to 550-6008C). HKUST-1 and MIL-101 were less stable, with decomposition temperatures around 2908C for HKUST-1 and 3108C for MIL-101. It should be noted that the carbonization temperature for building carbon bridges in these materials was all 2508C, which was well below the decomposition temperatures of these materials. Thus the framework structures of the materials should be stable upon the bridge building procedure.
The BET surface areas and pore volumes of the materials measured by N 2 adsorption at 77 K are shown in Table 1 . The BET surface area of COF-1 was 628 m 2 /g, slightly lower than that reported by Yaghi and coworkers (711 m 2 /g). 39 But the pore volume of 0.36 cm 3 /g was slightly higher than the reported value (0.32 cm 3 /g). The BET surface area and pore volume of HKUST-1 were very close to that reported by Rowsell and Yaghi, 29 while much higher than the values obtained by Chui et al. 40 and Lee et al. 46 The BET surface area and pore volume of the MIL-101 sample were 2931 m 2 /g (Langmuir S.A., 4300 m 2 /g) and 1.45 cm 3 /g, respectively. These values were in good agreement with those reported by Ferey and coworkers. 16, 28 The BET surface areas of the bridged samples were measured as 582 m 2 /g for bridged COF-1, 1116 m 2 /g for bridged HKUST-1, and 2580 m 2 /g for bridged MIL-101, respectively. No significant differences were observed between the bridged samples and the corresponding pure COF or MOF materials. The slight decreases in the surface areas upon bridge building can be attributed to the low surface areas of the carbon bridges ($10 wt % in the samples) from carbonization of sucrose. Furthermore, XRD patterns of the bridged IRMOF-8 and the pure IRMOF-8 were essentially identical. 34 These results confirmed the structure stabilities of the materials to the bridge building procedure. %) . 16, 40 The much higher H 2 O capacities on HKUST-1 and MIL-101 than COF-1 can be attributed to the higher pore volumes and the metal-oxide clusters present in the frameworks of HKUST-1 and MIL-101. COF-1 is more hydrophobic because there is no metal-oxide cluster unit in the framework structure. As can be seen from Figure 5 , the desorption of H 2 O did not totally follow the adsorption branch for all the samples at 298 K. This indicated that the adsorption of H 2 O was not completely reversible at 298 K on the COF or MOF material.
The adsorbed H 2 O on the samples would have a significant effect on the COF or MOF structure if the H 2 O is not desorbed immediately. For practical hydrogen applications for personal automobiles, the period between two refills would be normally several days. Thus studies on the structure stabilities of hydrogen storage materials with H 2 O present are important for potential applications. In this study, the stabilities of the COF-1, HKUST-1, and MIL-101 materials were investigated by exposing the samples in ambient air for 7 days (i.e., in air-conditioned room with a relative humidity $40%, at 298 K). The XRD patterns of the exposed samples are compared with that of the as-synthesized samples. The plots are presented in Figure 6 . It was found from Figure 6a that the COF-1 sample after exposing to air at room temperature exhibited a mixed XRD pattern of the COF-1 and BDBA (i.e., the starting material for COF-1). The characteristic peak for COF-1 at 2y $ 78 was reduced markedly. This revealed that the COF-1 structure was decomposing into BDBA with H 2 O adsorbed from the ambient air at 298 K. Whereas no significant difference was observed between the exposed sample and the as-synthesized one for both HKUST-1 and MIL-101, as shown in Figures 6c, d . The results indicated the stabilities of the HKUST-1 and MIL-101 materials upon water adsorption at room temperature, as also confirmed by N 2 adsorption at 77 K. The BET surface areas and pore volumes of the exposed samples after degassing in vacuum at 1208C for 12 h are summarized in Table 1 . Almost the same surface areas and pore volumes were obtained between the ambient-air-aged and the as-synthesized samples for both HKUST-1 and MIL-101. However, the data were greatly reduced after exposing the COF-1 sample in air for 7 days, as can be seen from Table 1 .
H 2 adsorption studies
Hydrogen adsorption isotherms of the materials at 77 K and at pressures up to 1 atm are presented in Figure 7 . It can be seen that the H 2 adsorption on all samples showed a reversible Type I isotherm characteristic of a microporous material. The H 2 uptakes at 1 atm and 77 K are given in Table  1 . The reported values of hydrogen adsorption on HKUST-1 at 77 K and 1 atm vary quite substantially. Yaghi and coworkers reported a value of 2.5 wt % in one paper while 1.6 wt % in another at 77 K and 1 atm. 27, 29 Xiao et al. 41 reported a high H 2 uptake of 2.27 wt %, but Lee et al. 46 and Prestipino et al. 26 both reported a much lower H 2 capacity of 1.25 wt % under the same conditions. In the present work, the highest H 2 capacity at 1 atm and 77 K was measured as 2.28 wt % on the HKUST-1 material, almost the same as that reported by Xiao et al. 41 The large range of the H 2 uptake for HKUST-1 could be attributed to the sample purity. 41 The guest molecules in the frameworks must be fully removed to obtain the highest gas adsorption capacity. The calculated crystallographic pore volume from PLATON is $0.72 cm 3 /g. 41 Good agreement between the calculated pore volume and that obtained from N 2 adsorption in this study confirms the purity of our sample. The similar pore volumes reported in Xiao's paper as in this study can account for the same H 2 uptake obtained on the HKUST-1 samples.
Ferey and coworkers measured the hydrogen isotherms of MIL-101 at 77 K up to 8 MPa. 28 The first measurement showed an uptake of 4.5 wt % at 77 K and 3 MPa after correction. 47 In a second publication, a high uptake of 6.1 wt % at 8 MPa (5.5 wt % at 3 MPa) was reported on the MIL101b material with additional activation treatments. On the MIL-101a sample obtained in the same synthesis conditions as MIL-101b but without additional activation, the H 2 uptake was $4.3 wt % with a saturation plateau above 4 MPa. The H 2 adsorption capacity at 77 K and 1 atm was measured as 1.91 wt % on the MIL-101 sample prepared in this study, as shown in Figure 7 . This value is very close to the estimated H 2 uptakes on the MIL-101a and MIL-101b samples from the reported H 2 isotherms at 77 K up to 8 MPa. 28 Frost et al. investigated the effects of surface area, free volume, and heat of adsorption on the hydrogen uptake in MOFs at 77 K using Monte Carlo simulations. 8 It was suggested that at low pressures the H 2 uptake correlated with the heat of adsorption of H 2 on the MOFs. Therefore, no significant difference was observed on the H 2 uptakes at 1 atm and 77 K between our sample, MIL-101a and MIL-101b, although MIL-101b had higher Langmuir surface area ($5500 m 2 /g) than our sample and the MIL-101a without additional activation.
Since the first synthesis of COF-1 by Yaghi et al., there is no report on the H 2 adsorption study on this new material. 39 As shown in Figure 7 , the H 2 uptake at 77 K and 1 atm was measured as 1.28 wt % on the COF-1 sample prepared in this study. Although this value was much lower than the other two MOFs studied in this article, it can still be comparable with the H 2 uptakes on some IRMOFs with much higher surface areas, such as IRMOF-1 and IRMOF-8.
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High-pressure hydrogen adsorption isotherms at 298 K for the COF-1, HKUST-1, and MIL-101 samples are presented in Figures 8-10 . The H 2 storage capacities of the materials at 10 MPa are summarized in Table 1 . The highest hydrogen uptake of 0.51 wt % was obtained on the MIL-101 material. The adsorption amount at 8 MPa was measured as 0.41 wt %, which agrees well with that reported by Ferey and coworkers under the same conditions. 28 COF-1 exhibited the lowest adsorption capacity among the three materials at 298 K and 10 MPa, as can be seen from Table 1 . This can be attributed to the much lower BET surface area and pore volume of COF-1 than that of the other two materials. Although HKUST-1 had the highest H 2 uptake of 2.28 wt % at 77 K and 1 atm, the H 2 storage capacity at high pressures and 298 K was much lower than MIL-101. These data suggested that at room temperature and very high pressures (close to saturation adsorption) the H 2 uptake would correlate with the surface area and/or the pore volume of the material.
It can be seen from Figures 8-10 that by simply mixing the COF or MOF material with a small amount of Pt/AC catalyst (at 9:1 mass ratio), the hydrogen uptakes have been significantly enhanced at all pressures up to 10 MPa. The H 2 adsorption capacities were further enhanced by creating physical carbon ''bridges'' between the COF or MOF material and the Pt/AC catalyst to increase the contacts of the two unlike materials and hence facilitate secondary spillover.
In comparison with the pure material without spillover, it can be seen that the hydrogen storage capacity has been enhanced by a factor of 2.6 for COF-1, 3.2 for HKUST-1, and 2.8 for MIL-101, respectively. Another interesting feature was that there was no apparent saturation value for the bridged samples, as shown in Figures 8-10 . In addition, the adsorption in the bridged samples was fully reversible at 298 K, as found previously on the bridged IRMOFs, zeolites, and carbon materials. 34, 42, 43 It has been observed by many authors that the hydrogen uptake at 77 K and elevated pressures correlates with the pore volume of the material. This can be easily understood because at very high pressures the storage is mainly by condensation of H 2 molecules in the pores of the material. However, in the storage system by spillover, hydrogen molecules are initially dissociated on metal nanoparticles, and subsequently hydrogen atoms migrate onto the surface of the receptor by spillover and surface diffusion. 48 That is, the adsorption by spillover is the interaction of hydrogen atoms with the surface sites of the material. Therefore, the pore volume of the material should not be the key factor in the net hydrogen storage capacity by spillover. Several papers have reported a linear correlation between the saturation H 2 uptake and the surface area of MOFs at 77 K. 8, 27, 31 However, such a linear correlation between the net adsorption capacity by spillover and the surface area was not observed in this investigation. Here the net adsorption capacity by spillover was defined as the number obtained by subtracting the physically adsorbed hydrogen amount on the receptor (such as MIL-101) from the total adsorption capacity on the bridged sample (bridged MIL-101).
As the hydrogen storage by spillover is by atomic hydrogen adsorption (not by condensation of hydrogen molecules), the surface adsorption sites of the material for hydrogen atoms adsorption should play an important role in determining the net storage capacity by spillover. A material with more and stronger surface adsorption sites for hydrogen atoms should have higher capacity for H 2 via spillover. In this work, the heats of adsorption of H 2 on the bridged samples were calculated by using the Clausius-Clapeyron equation from the H 2 adsorption isotherms at 298 and 323 K, as shown in Figure 11 . The intercepts at zero pressure by extrapolating the isotherms at very low pressures in Figures 11a-c were the amounts of chemisorbed H 2 on the Pt particles added to the samples. 49 In this study, the contents of Pt added to the samples were all 0.5 wt %. Assuming an adsorption of one H atom per surface Pt and a 100% dispersion of Pt, the theoretical maximum amount of hydrogen expected to be adsorbed by the Pt added to the samples was calculated as $0.0026 wt %. 50 The chemisorption amounts at zero pressure on the samples were all lower than the theoretical maximum value, corresponding to certain surface dispersions of Pt in the samples. It can be seen from Figure 11d that the heats of adsorption on the samples were quite high at low surface coverages (or low H 2 adsorption amounts). This can be attributed to the strong adsorption of H 2 on Pt metal, as well as the spiltover H on the strongest sites of the frameworks. The absolute value of heat of adsorption decreased sharply with adsorption amount for each sample, but leveled off at relatively high surface coverages. In this study, the predominant receptor for H atoms in the bridged sample was COF-1, or HKUST-1, or MIL-101. As a firstorder analysis and for simplicity, we take the heat of adsorption at relatively high H 2 adsorption amount in Figure 11 as an indicator of the adsorption strength of hydrogen atoms on the surface of the receptor, i.e., COF-1, HKUST-1 or MIL-101. Although different sites (such as C, O, and metal sites) on the COF or MOF material should have different interactions with hydrogen atom, it should be noted that ClausiusClapeyron equation always gives the average heats of adsorption. 35 As shown in Figure 11d , the heats of adsorption at relatively high H 2 adsorption amount (obtained at pressures <1 atm) on the bridged samples follow the order: bridged MIL-101 > bridged HKUST-1 > bridged COF-1.
In our work on the kinetics of spillover, 35 a phenomenological equilibrium isotherm was derived for the spillover systems. The isotherm takes the form:
where q is the amount adsorbed, P H2 is the hydrogen pressure, and all three constants contain the Langmuir constant, i.e., as products of the Langmuir constant and other constants. In the pressure range of this work, the isotherm is far from saturation; thus, the second and third terms in the denominator are <1. As an approximation, the dependence of the amount adsorbed, q, on the heats of adsorption is approximately related through k 1 . Thus,
where DH is the heat of adsorption and RT has its usual meaning. Figure 12 shows the net adsorption of H 2 by spillover at 298 K and 10 MPa vs. the heat of adsorption at relatively high H 2 adsorption amount in Figure 11 for the bridged COF and MOF samples. As a comparison, the bridged IRMOF-8 sample that was previously reported was also included in Figure 12 . 34 For the four samples, the exponential correlation between the net hydrogen uptake by spillover and the heat of adsorption, via Eq. 2, was indeed observed. The results indicated the importance of the strength of the interaction between hydrogen atom and the surface of the material on the net hydrogen storage capacity by hydrogen spillover. The independence of the surface area and pore volume on the net H 2 adsorption by spillover was also verified because IRMOF-8 has a much lower surface area and pore volume than MIL-101. 33 Although the bridged IRMOF-8 had the highest H 2 storage capacity, it would be unstable upon H 2 O adsorption because of the similar structure as MOF-5 (i.e., IRMOF-1). This would result in poor reproducibility of the samples and hence of the H 2 storage capacity, which makes it difficult to use this material for practical hydrogen storage applications.
The simple analysis is only an approximation. The heats of adsorption of the spiltover hydrogen and the various sites of the MOF are not the same and are mostly higher than the leveled-off values shown in Figure 11d . 35 More detailed analyses are needed to obtain a detailed understanding of the energetics of the spillover process. 
Conclusions
Three recently reported porous materials including covalent-organic framework COF-1, and metal-organic frameworks HKUST-1 and MIL-101 were synthesized and examined for low-pressure hydrogen adsorption at 77 K and highpressure hydrogen storage at room temperature. HKUST-1 exhibited the highest hydrogen uptake of 2.28 wt % at 77 K and 1 atm among the three materials. However, the highest hydrogen adsorption capacity at 10 MPa and room temperature was obtained on the MIL-101 sample with the largest surface area and pore volume. The results suggested that the H 2 uptake by physical adsorption on the COF and MOF materials at room temperature and high pressures correlated with the surface area and pore volume of the materials.
In addition, we have shown that hydrogen storage by hydrogen spillover is a promising method to enhance the storage capacity of the COF and MOF materials at room temperature. By bridged spillover, the hydrogen adsorption capacities on the COF-1, HKUST-1, and MIL-101 materials at 298 K and 10 MPa have been enhanced by a factor of 2.6-3.2. The surface area and pore volume of the material were not the predominant factors on determining the net hydrogen adsorption capacity by spillover because the adsorption by spillover is by atomic hydrogen adsorption on the surface sites of the material. However, a correlation between the net hydrogen uptake by spillover and the heat of adsorption of the material has been found in an approximate analysis.
H 2 O vapor adsorption studies indicated that COF-1 was unstable upon H 2 O adsorption, while HKUST-1 and MIL-101 were quite stable with H 2 O adsorbed. Our results suggest that MIL-101 could be a promising material for practical hydrogen storage application because of the high heat of adsorption for H 2 , the large surface area and pore volume and the high stability for H 2 O. This work is an initial effort to explore the correlations between the structural and surface characteristics and the H 2 adsorption capacity of MOFs (or other materials with similar structures) by spillover. We are working on more MOFs, focusing on the most promising MOFs that have been structurally characterized. From these studies some useful criteria could be elucidated for the evaluation of new candidate MOFs for hydrogen storage by spillover.
